Nanosecond time-resolved X-ray diffraction has been employed to study the transient structure deformation of a Pt(111) crystal induced by laser pulse heating. A direct-imaging X-ray CCD system with high spatial resolution allowed the detection of structural changes of the order of 10 À3 A Ê . The time evolution of lattice strain was measured with 12 ns resolution. The lattice spacings were found to suffer a transient change from 2.2653 to 2.2695 (10) A Ê , and the strain reached its maximum value 10 ns after laser irradiation.
Introduction
After three decades of development, ultrafast timeresolved optical spectroscopy has become the most popular method for the study of transient behavior in physical, chemical and biological systems. Using the pump±probe method, as was utilized in the original picosecond experiments, speci®c excited states can be created by the pumping optical ®eld and the course of the photoreaction may be determined by monitoring the evolution of the absorption and emission spectra. However, information concerning the transient structure of the molecule and its environment cannot be derived directly from optical spectroscopy.
X-ray diffraction has been widely used to study the structure of materials for many years. X-ray diffraction patterns from single crystals provide the best means for calculating lattice parameters accurately and determining molecular structures with very high accuracy. The diffraction peaks of powders provide information on the existence of different phases. On the other hand, X-ray diffraction from liquids can be used to determine intermolecular structure in the liquid phase.
In the past, only static structure parameters were determined from the scattering data. Recently, substantial efforts have been made to extract transient structural information by means of time-resolved electron and X-ray diffraction (Helliwell & Rentzepis, 1997) . Time-resolved X-ray diffraction has been employed in a number of studies, including investigations of liquid±solid interface overheating, undercooling and laser annealing (Larson et al., 1986; Lunney et al., 1986) , shock compression by powerful laser irradiation (Wark et al., 1989) , and laser heating of crystals (Chen et al., 1996) . Time-resolved X-ray diffraction can also be employed to study the lattice behavior, during pulsed laser illumination, by means of time-resolved Braggpro®le measurements. When energy from a laser pulse interacts with a material, it generates a non-uniform transient temperature distribution, carrier concentration or other effects which alter the lattice structure of the crystal. The deformed crystal lattice will change the angle of diffraction for a monochromatic X-ray beam by Á ÀÁdad cot B , where d is the spacing of the diffracting planes, Ád is the change of the spacing due to an outside in¯uence, and B is the Bragg angle. Thus for a divergent incoming X-ray beam, the diffracted signal from the inhomogeneous crystal will consist of signals scattered over a range of angles which are related to the depth distribution of the strain. Using a CCD detector, we can detect the distribution of the diffracted X-ray beam along the Bragg angle coordinate with high resolution and, consequently, measure the lattice deformation accurately. This suggests that the transient crystal structure changes induced by low-energy short laser pulses can be measured directly. In the nanosecond time scale, the laser energy absorbed by the crystal surface is fully thermalized because the energy transfer from electrons to the lattice takes place in picoseconds or less; however, heat diffusion into the bulk of the crystal is much slower. Therefore, we have used nanosecond pump±probe X-ray techniques to study the dynamics of the heat diffusion and its effect on the structure and strain in the crystal.
There are several sources now available for the generation of picosecond and nanosecond hard X-ray pulses. These include synchrotron radiation, laserproduced plasma and laser-driven X-ray diodes. Synchrotron radiation provides the most powerful X-ray source, with picosecond pulse duration; however, these sources are expensive and can not be easily accessed. Laser-generated plasma requires a powerful laser system to generate short hard X-ray pulses. Both of these X-ray sources have been used successfully in timeresolved X-ray diffraction experiments. For a detailed description of these sources, their advantages and applications, the reader is referred to Helliwell & Rentzepis (1997) and Wark (1996) . The time-resolved X-ray diffraction system developed in our laboratory is based on a laser-driven X-ray diode. This method, which is inexpensive and simple, is capable of producing highintensity picosecond, nanosecond and weaker femtosecond hard X-ray pulses at high repetition rates and with high reproducibility. Because of the high-repetition-rate operation, it is possible to accumulate enough X-ray photons to measure, accurately and in a reasonable period of time, transient structures. This method allows us to use weak excitation pulses to perturb the material under investigation without causing dissociation or other irreversible effects.
There have been only a small number of timeresolved X-ray diffraction experiments published. Our laser-driven X-ray diode is capable of delivering a¯ux of 3Â10 6 Cu K photons s À1 on the sample, which is orders of magnitude less than the new generation of synchrotron sources, but is quite adequate for carrying out timeresolved X-ray diffraction experiments. Therefore, we are performing kinetic experiments on simple systems, such as single crystals of metals and semiconductors, to which the theoretical models apply most appropriately and for which the experimental data are relatively simple to interpret. Then we will use this experience and data base to explore more complicated chemical and biological systems. The static structures of such single crystals are very well known and in some cases, such as GaAs and Si, nearly perfect crystals can be grown. In addition, the static lattice constants and all physical properties, such as conductivity, heat capacity and re¯ectivity, for these samples are known and, therefore, make the interpretation of the time-resolved X-ray data possible. Because the samples will be excited by an ultrashort optical pulse, we studied, ®rst, its effect on the transient structure of single crystals of metals, using time-resolved X-ray diffraction.
In a previous paper (Chen et al., 1996) we have shown that the evolution of the lattice expansion induced by laser illumination of an Au(111) crystal can be accurately monitored by means of picosecond time-resolved X-ray diffraction. The X-ray rocking curve derived from the time-resolved X-ray diffraction data agreed very well with the theoretical calculations, which coupled the heat-diffusion equation and X-ray diffraction theory. This agreement demonstrated that time-resolved X-ray diffraction is a worthy and accurate method for the study of the transient structure evolution. With this technique and the proper theoretical model, the transient properties relating to the structure, such as heat conductivity, stress lattice constant and elasticity, can be dermined directly from time-resolved X-ray rocking curves.
In this paper, we report a detailed study of the effect of laser heating on the structure of a Pt(111) crystal by means of nanosecond time-resolved X-ray diffraction. The lattice dynamics due to heat propagation can be clearly seen from the time-resolved X-ray rocking curves. From the Bragg pro®le, we were able to extract the time evolution of the lattice spacing within a Pt crystal with 10 À3 A Ê resolution. Preliminary results from this study have been reported already (Chen et al., 1997) . This type of ultrafast time-resolved experiment forms the basis for further time-resolved X-ray studies of the transient structures developed during the course of a chemical reaction.
Theory
General theoretical studies of X-ray diffraction are based on the treatment of a crystal as a medium with a three-dimensional periodic dielectric constant and solve Maxwell's equations for such a medium. A more complete description of the diffraction processes of crystals is given by the dynamical theory (Zachariasen, 1945) . Very often the simpler kinematical theory is used, which treats the scattering from each element in the sample as being independent; therefore, the extinction effects may be neglected. When the maximum re¯ecting power is small (a few percent), the results predicted by the dynamical diffraction theory are essentially the same as those predicted by the kinematical theory (Wie et al., 1986) . In the case of Bragg diffraction, the diffracted intensity pro®les (rocking curves) are highly sensitive to depth-dependent strain and damage distributions in the crystal. However, the analysis of the information contained in the rocking curves presents some dif®cul-ties. One of the main problems is related to the lack of phase detection, which precludes direct inversion of the rocking curves. The other problems are related to the complexity of the dynamical theory for X-ray diffraction from non-uniform crystals. Time-dependent X-ray diffraction has not been treated in detail so far. For nonhomogeneous crystalline media, the X-ray diffraction problem has been treated for the case where the homogeneity of the crystal varies only in one direction, i.e. depth (Taupin, 1964) . In the above analysis it was assumed that the crystal properties do not change during the X-ray illumination and therefore time-dependent terms were omitted. However, the use of ultrashort laser pulses for sample irradiation creates transient effects which vary during X-ray pulse illumination, even when nanosecond and picosecond X-ray pulses are used. Therefore, the equations of Taupin (Taupin, 1964; Wark & He, 1994) , with time dependence included, have to be solved simultaneously with the equations describing the time-dependent properties of the material which are responsible for the changes in the diffracted X-ray radiation. Because the mathematics involved may be quite complex and an analytical solution dif®cult to obtain, some simpli®cations may be made which allow for the solution of a particular case.
For the case of a laser-pulse-heated crystal, if the dimensions of the heated area on the crystal surface are larger than both the absorption length for the laser radiation and the heat-diffusion length, then we can consider the problem as one-dimensional. The temperature distribution in the crystal may be obtained from the heat-conduction equation
where 1 is the thermal diffusivity, C p is the speci®c heat, & is the crystal density and WzY t is the volume density of the thermalized energy. For the case of heating a semi-in®nite absorbing target with a laser pulse, the source term WzY t becomes (Bechtel, 1975 )
where I m is the maximum intensity of the incident laser pulse, l is the absorption length and the function f t describes the laser pulse envelope. The solution of (1) gives the time evolution of the temperature distribution in the crystal. This inhomogeneous temperature distribution will generate a strain in the crystal. The strain normal to the heated surface layer as a function of depth is given by
where T 0 is the temperature of the unheated part of the crystal, T is the linear thermal-expansion coef®-cient, hY kY l is a factor that takes into account the one-dimensional nature of the strain, which for cubic crystals is given by (Fukuhara & Takano, 1977) : 1Y 1Y 1 31 2C 12 aC 11 a1 2C 12 aC 11 4C 44 aC 11 . In our calculations we neglect the temperature dependence of the linear thermal-expansion coef®cient and the elastic constants C ij , because in the temperature range of our experiment, they change by less than a few percent.
The time-and depth-dependent strain, 9zY t, determined from the solution of equations (1) and (3) for a heating-laser pulse I m f t, is used to determine the X-ray diffracted signal. Previously (Speriosu, 1981) , for the steady-state case, where the kinematical approximation was applicable, the crystal was represented as a set of layers suf®ciently thin to neglect the absorption and extinction. Additional approximations are possible for time-dependent equations based on the transient properties of the crystal studied. In our case, we use a similarly simpli®ed approach based on the physical considerations of our experiment. The calculations are carried out by slicing the input X-ray pulse into a set of micropulses with picosecond duration, and then performing the corresponding calculations for every micropulse. During the passage of each micropulse, the temperature distribution and related strain in the crystal are assumed to be constant, but evolve for the subsequent micropulses. Thus, for every micropulse, the diffraction process may be treated as being in a steadystate condition. With this approximation, we calculate ®rst the temperature distribution TzY t in the crystal and then the thermal strain 9zY t associated with speci®c TzY t. We have calculated the one-dimensional temperature distribution in the platinum crystal by solving equation (1) for a Gaussian pulse envelope, f t expÀt 2 a( 2 , assuming a¯at-top-cross-section laser beam. In Fig. 1 , the calculated temperature distribution inside the crystal at different delay times is presented. The t 0 time is de®ned as the time when the intensity maxima of both X-ray and UV pulses overlap on the sample; the positive delay time corresponds to the case when the probing X-ray pulse follows the heating UV pulse.
In order to calculate the diffracted X-ray signal, ®rst we calculated the diffraction of a micropulse. Because we are concerned with the solution for a micropulse, we can use the time-dependent solution (Speriosu, 1981) . X-ray measurements have shown that the Pt crystal used for this experiment has a mosaic structure; therefore, the kinematical model should be applied. Within the kinematical approach, the Pt crystal is divided into many thin layers. For each layer we neglect the extinction and normal absorption and assume that the strain has an average value determined by the position of the layer and temperature distribution in the crystal. The incident X-ray pulse on each layer is attenuated by the absorption losses during its traversal through the previous layers. The total diffraction amplitude of a micropulse is then the coherent sum of the diffracted waves from each layer adjusted for the phase lags and absorption losses during the micropulse passage through the crystal. The total diffracted amplitude for N layers is where
Here variables A, Y and y with subscript j indicate their dependence on the strain distribution in space and time, and " is the mass absorption coef®cient. A is the normalized depth in the crystal and Y is the normalized angular coordinate specifying the orientation of the lattice planes relative to the incident beam. b o a H ; o Y H are direction cosines of the incident and diffracted wave vectors. F H is the structure factor. A detailed description of these notations can be found in the report by Speriosu (1981) . These types of calculations are carried out for each micropulse and then the overall diffracted X-ray signal is calculated by integrating over the X-ray pulse envelope to obtain the rocking curve. In practice, the calculated rocking curve needs to be convoluted with the instrumental broadening function. For our experimental set up the instrumental broadening function was derived from the static X-ray rocking curve and then convoluted with the calculated Bragg pro®les. Although the simulated rocking curves showed some shape change and broadening around zero time delay, when convoluted with the instrumental broadening function the rocking curve became more symmetric. In Fig. 2 we show the calculated rocking curves of a 12 ns probing X-ray pulse for a cold Pt(111) crystal and a hot crystal (25 mJ cm À2 heating UV pulse) at two different delays. The split of the diffracted line shown in Fig. 2 is due to the Cu K doublet used in the diffraction measurements. Only around zero delay (Fig. 2b) is there a small ($5%) broadening as well as a shift of the rocking curve. For longer time delays, i.e. 20 ns, only a shift of the rocking curve is observed. This is consistent with the temperature distribution (Fig. 1) , where only around zero delay is a steep temperature gradient in the X-ray probed depth observed. For longer delays, the temperature gradient in the probed volume is relatively small and only at zero delays has the maximum temperature increased to 353 K (see Fig. 1 ). The estimated temperature resolution of our experiment is about 20 K. The temperature of the Pt crystal was calibrated by continuous heating.
Experimental procedure
The X-ray diffraction measurements were carried out on a polished, (111), platinum crystal. The crystal, 0.5 mm thick, was mounted on a three-axis Eulerian cradle, allowing for accurate alignment. Using the mass absorption coef®cient data listed in Table 1 , we calculate that for 1ae attenuation of the incoming X-ray beam, at the Bragg angle, the penetration depth in the crystal is about 800 nm.
The nanosecond X-ray pulses are generated in an Xray photodiode, with copper anode, pumped by 12 ns (full width at half-maximum, FWHM) ArF excimer laser pulses at a repetition rate of 300 Hz. Details of our system have been reported elsewhere (Tomov et al., 1995) and only a brief description of the system as related speci®cally to this experiment will be given here. The output from the X-ray diode consisting of 12 ns (FWHM) pulses was re¯ected from a pyrolytic graphite monochromator to select Cu K characteristic radiation. This radiation, after passing a variable slit, was directed to the Pt crystal at the Bragg angle. For a divergent incoming beam, the Bragg re¯ected beam had a divergence slightly less than 3 mrad. In this experiment, the Cu K doublet (Fig. 2) was resolved by the Pt crystal. However, when rotating the crystal along the Bragg direction the quality of the image along the slit changed, which suggests that the Pt crystal has a mosaic structure. In the measurements reported here, the divergence of the input X-ray beam was larger than the divergence of the re¯ected beam, allowing for the changes in the Bragg angle induced by the laser heating to be covered by the divergence of the input beam. The radiation emitted by the ArF laser was split into two beams. One was used to heat the Pt crystal and the other, after the proper delay, to pump the X-ray diode. The diffracted X-ray radiation was measured using a large-area CCD camera designed for direct X-ray imaging. The camera consists of a 2048 Â 2048 CCD chip (15 mm pixel), cooled by liquid nitrogen and interfaced to a Macintosh computer. At 173 K the dark current of the CCD camera is very low, allowing for a single-photon detection. In the results reported here, 4 Â 1 pixel binning (Â1 being along the Bragg-angle axis) was employed. Fig. 3 shows a typical image recorded by the CCD system. A metal screen positioned in front of the crystal surface divided the image into two segments: the upper section where the heating UV radiation was directed and the lower section where there was no UV heating. The lower section of the image was used as a reference to account for any variation in the Xray¯ux. The results reported here were obtained by exposures ranging from 10 min to 1 h duration. For every delay point, two consecutive exposures were made, one with UV radiation heating the upper part of the crystal and the next one without UV heating. Both X-ray patterns were compared to assure that there was no change due to external effects. Since the heating is done only above the metal screen, the recorded pattern below the screen must be the same for both exposures, and any changes induced by the UV irradiation will show only on the upper part of the diffracted pattern.
Results and discussion
In Fig. 4 , three traces from the UV-heated area, upper part, of the CCD patterns are shown. The signal is averaged over 30 pixels along the vertical axis and scanned along the horizontal axis. The signal recorded by the CCD camera is an integration over the probing X-ray pulse and the path length of the X-rays in the crystal. Therefore, the time resolution of our measurements is 12 ns. The shift due to the laser heating is clearly seen. For zero delay, a small ($5%) broadening is also observed. The experimental data from Fig. 4 are plotted in Fig. 2 (circles) , for easy comparison with the calculations (solid line). No shift or broadening was ever observed in the non-heated part of the crystal. These rocking curves are identical to the one shown in Fig. 4 (solid line; unheated). Fig. 3 . CCD image of the diffracted X-rays from the Pt(111) crystal.
The CCD binning is Â 1 (Bragg-angle deviation) along the horizontal axis and Â 4 along the vertical axis. The upper part shows the UV-irradiated area; the lower part shows the nonirradiated reference area. In Table 1 , the optical, thermal and other properties of platinum which are relevant to our experiment and are used in the calculations are listed. From these data we calculate that for a laser pulse, ( p 2 ln 2 1a2 ( 12 ns (FWHM), the diffusion length
nm. This length represents the crystal depth heated during pulse illumination and it is comparable to the penetration depth of the X-ray radiation in the bulk of the Pt crystal. From the above calculations we ®nd that when 2 mJ of energy is absorbed in a spot size S 0X1 cm 2 , the temperature of the volume, SL d , of the platinum crystal will increase by about 70 K. The heat dissipation from this volume takes place mainly through the rest of the platinum crystal and the crystal holder, in addition to the very small loss through the air. The hot volume will become almost twice as big 50 ns after the laser pulse (Fig. 1) . Calculations have shown that at least in the ®rst few microseconds, after illumination, the heat dissipation takes place mostly through the bulk of the Pt crystal. The temperature change within the crystal due to the residual heat remaining between laser pulses (3.3 ms) is less than 5 K and therefore it was neglected.
The above estimates show that for the ®rst 100 ns after the laser pulse, the UV-irradiated area of the crystal is in a nonequilibrium transient stage. In the bulk of the crystal there is a thermal strain associated with the heated surface layer. The time necessary for the strain pro®le to set up is roughly equal to the heat-diffusion length divided by the speed of sound in the crystal. The speed of sound in Pt is 3.26 Â 10 5 cm s À1 , which means that the strain pro®le occurs in subnanosecond time ($0.24 ns). Consequently, for our experiment, the time lag between the establishment of the temperature distribution and strain pro®les in the crystal can be neglected. Using the data listed in Table 1 , we ®nd that the one-dimensionality of the strain leads to lattice expansion in the direction normal to the crystal face, which is 2.20 times larger than the isotropic threedimensional thermal expansion.
In order to extract the transient lattice spacing from the experimental data, we match the calculated diffracted signal with the experimental data. For a given heating-pulse energy, we calculate the temperature distribution in the crystal (Fig. 1) . During a run, more than 2 Â 10 5 pulses were accumulated. The energȳ uctuation from pulse to pulse was about 20%. We therefore used the average pulse energy in the calculations of the temperature distribution in order to determine the ®t between the calculated and experimental results for a particular run.
The probing X-ray pulse was sliced into micropulses ($20 ps) and the Pt crystal was divided into 20 nm-thick laminae oriented parallel to the surface. The temperature and strain of each lamina was determined by its position within the crystal, i.e. the distance from the surface. The Bragg pro®le is calculated using the procedure we outlined above. In order to compare the simulated results with the experimental data, the smoothed curves from the experimental data are normalized to their peak value and compared with the calculations. Because in our experiment both Cu K 1 and Cu K 2 were resolved, the calculations were done for both lines. In this experiment, the time delay was varied between À 20 and 50 ns. The experimental and calculated results for the heat-induced strain in the crystal, at several delay times, are depicted in Fig. 5 . The value measured is the average strain over 12 ns (time resolution) and the probed depth (800 nm) of the crystal. Fig. 6 shows the best ®t of the lattice spacing within the Pt crystal at various time delays. This graph shows that the surface layer suffers the largest lattice deformation. This is expected because the heat propagation is not fast enough to dissipate the energy into the bulk within the heating-pulse duration. The lattice spacing of the surface layer reaches its maximum value of 2.2695 A Ê (0.18% change) 10 ns after the laser-pulse illumination. For the temperature range used in this experiment, the relationships between temperature change, strain and lattice spacing are linear and the strain distribution in the crystal has a form similar to the lattice spacing shown in Fig. 6 . The overall agreement between the measured and calculated scattered X-ray intensity pro®les is good, which suggests that detailed time-resolved X-ray diffraction measurements can be used to measure the transient properties of a crystal with nanosecond resolution and for relatively small temperature changes. For the energy densities used in this experiment, the depth-dependent strain was observed around zero delay, where a small rockingcurve broadening was recorded. However, it is dif®cult to derive an accurate number because the probed depth and the diffusion length have the same magnitude and, in the time scale of the probing pulse, the temperature gradient is very small. Obviously, using different X-ray probing wavelengths or other crystals, accurate numbers may be extracted from the experimental data. The data presented here were obtained by probing the bulk lattice changes in one dimension. However, the X-ray diffraction beam probes the changes in the lattice spacing for a particular set of planes; therefore, changes in three dimensions within the bulk of the crystal may be easily measured using this method, by changing the relative orientation of the probing X-ray pulses (Whitlock & Wark, 1995) .
Conclusions
The effect of short-pulse laser heating on a Pt (111) crystal, as a function of time and depth within the crystal, has been studied. In addition, the change in the lattice spacing and the strain associated with the change in the temperature has been measured with a time resolution of about 10 ns. Simple calculations using the kinematical model agree very well with the experimental data. This shows that they have a high degree of accuracy and that the calculations of the dynamic change in crystal structure and strain are reasonable. These data are important for the understanding of the physical processes which accompany laser irradiation and heating of the surface and bulk of a crystal and also provide detailed information with regard to the dynamics, which are very relevant for photo-and thermal-induced reactions in materials.
